Abstract Manihot esculenta roots rich in β-carotene are an important staple food for populations with risk of vitamin A deficiency. Cassava genotypes with high provitamin A activity have been identified as a strategy to reduce the prevalence of deficiency of this vitamin, In this study, the metabolomics characterization focusing on the carotenoid composition of ten cassava genotypes cultivated in southern Brazil by UV-visible scanning spectrophotometry and reverse phase-high performance liquid chromatography was performed. The data set was used for the construction of a descriptive model by chemometric analysis. The genotypes of yellow roots were clustered by the higher concentrations of cis-β-carotene and lutein. Inversely, cream roots genotypes were grouped precisely due to their lower concentrations of these pigments, as samples rich in lycopene differed among the studied genotypes. The analytical approach (UV-Vis, HPLC, and chemometrics) used showed to be efficient for understanding the chemodiversity of cassava genotypes, allowing to classify them according to important features for human health and nutrition.
Introduction
Cassava (Manihot esculenta Crantz, 1766) currently ranks as the third most important species as a source of calories in the world among the group of staple food crops, including rice and maize. It is primarily consumed in places where there are prevailing drought, poverty, and malnutrition [1] . Diseases related to vitamin A deficiency are among the major nutritional problems in developing countries. It is estimated that 190 million children in preschool age have low retinol activity in plasma (<0.70 μmol.L −1 ), subclinical symptom of this deficiency [2] . Cassava is considered a staple food for many populations with risk of vitamin A deficiency and is predominantly produced by small-scale farmers with limited resources. In cassava, β-carotene is the majoritarian pro-vitamin A carotenoid [3] , but the amounts found in white and cream cassava roots (the most commonly consumed by populations) are low [4] . It is known that roots with yellow flesh are highly correlated with the concentration of carotenoids and the search for materials with higher provitamin A activity is recognized as a strategy to reduce the prevalence of this deficiency [5] . Besides β-carotene, M. esculenta also contains small amounts of other carotenoids, e.g., lycopene and the xanthophylls, lutein and β-cryptoxanthin, with recognized health benefits [6] .
Because of the high importance of cassava crops in Brazil, genebanks of cassava collections have been established and maintained for the purpose of preserving commercial varieties, traditional landraces and wild genotypes. Thus, the identification and preservation of genotypes with high carotenoid concentrations is thought to be relevant for the Brazilian and global food security and nutrition.
This study, in connection with the metabolomics characterization of the genebank's cassava accesses, emphasizes their carotenoid profile in root samples, using a typical analytical platform, i.e., UV-visible spectrophotometry (UV-Vis) and reverse phasehigh performance liquid chromatography (RP-HPLC). The data set afforded (i.e., the spectrophotometric profiles and the chromatographic quantification of each carotenoid compound) was used to build descriptive and classification models by calculation of the principal components and cluster analysis. Such an analytical approach allows the rapid and effective extraction of relevant and non-redundant information from a set of complex data, enabling a more detailed and robust understanding of possible differences and/or similarities in the studied samples, as well as their improved discrimination. In practical terms, this study develops and applies biotechnological approaches, by coupling the use of biochemical markers with bioinformatics tools in order to gain insights to support genetic breeding programs of cassava.
Materials and Methods
Roots of ten genotypes of M. esculenta (2010/2011 season) from the EPAGRI's germplasm bank (Urussanga Experimental Station, 28º31'18''S, 49º19'03''W, Santa Catarina, southern Brazil) were used in this study. Traditionally, they have been called Apronta mesa, Pioneira, Oriental, Amarela, Catarina, IAC, Salézio, Estação, Videira and Rosada and were selected based on their economic and social importance. Carotenoids were extracted from fresh roots as described by Rodriguez-Amaya & Kimura (2004) [7] using an Ultra-Turrax (Janke & Kunkel IKA -T25 basic) and organic solvents: acetone and petroleum ether. The absorbances of the organosolvent extracts were collected on a UV-visible spectrophotometer (Gold Spectrum lab 53 UV-Vis spectrophotometer, BEL photonics, Brazil) using a spectral window from 200 to 700 nm. Aliquots (10 µl) of the extracts were also injected into a liquid chromatograph (LC-10A Shimadzu) system equipped with a C18 reversed-phase column (Vydac 201TP54, 250 mm × 4.6 mm, 5 µm Ø, 35°C) coupled to a precolumn (C18 Vydac 201TP54, 30 mm × 4.6 mm, 5 µm Ø) and a spectrophotometric detector (450 nm). Methanol: acetonitrile (90: 10, v/v) was used for elution at a rate of 1 ml/min. The identification and quantification of compounds of interest was carried out via co-chromatography and comparison of retention times of samples with those of standard compounds (Sigma-Aldrich, USA) under the same experimental conditions. Data were collected, summarized, and submitted to analysis of variance (ANOVA) followed by post hoc Tukey's test (p < 0.05) for mean comparison. All procedures were performed in triplicate (n = 3). The processing of the spectrophotometric profile considered the definition of the spectral window of interest (200-700 nm), baseline correction, normalization, and optimization of the signal/noise ratio (smoothing). The processed data set was initially subjected to multivariate statistical analysis, by applying principal component analysis (PCA) and clustering methods. Furthermore, the spectral data set and the amounts of the target carotenoids determined by RP-HPLC were used for calculation of the principal components, supported by scripts written in R language (v. 3.1.1) [8] using tools defined by our research group and some functions from the packages Chemospec [9] , HyperSpec [10] , and ggplot2. All R scripts, raw data, and additional chemometric analysis are available in supplementary material, in http://darwin.di. uminho.pt/metabolomicspackage/ as well as the data analysis report automatically generated from the R scripts using the features provided by R Markdown (http:// darwin.di.uminho.pt/metabolomicspackage/cassava-carotenoids.html). This allows anyone to fully reproduce and document the experiments.
Results and Discussion
Carotenoids show typically maximum absorption at 450 nm [7] and as depicted in Fig. 1 , all the spectral profiles (200-700 nm) of the yellow and red cassava root extracts revealed prominent absorbance peaks between 400 -500 nm, indicating that the organosolvent system used was efficient to extract the target metabolites.
Lower absorbance values were found in cream color-roots, precisely because they have low concentrations of carotenoids as the Rosada genotype (pink root) showed the highest absorbance values at 450 nm.
When the principal components were calculated from the full spectrophotometric profile (λ = 200-700 nm) data matrix, PC1 and PC2 contributed to explain 78.9 % of the total variance of the data set. However, a clear discrimination of the samples according to the carotenoid concentrations was not found. Only the Rosada genotype distinguished from the others by grouping in PC1 + / PC2 -. Genotypes with high (yellow roots) and low carotenoid contents (cream roots) were spread out over the factorial distribution plane, making difficult to discriminate between them (Fig. 2) .
Such findings prompted us to build a second analytical model by applying PCA to the carotenoid fingerprint region of the UV-visible (400-500 nm). In this case, PC1 and PC2 accounted for 99.97 % of the variance, clearly revealing three groups according to their similarities (Fig. 3) . Interestingly, the samples were grouped according to their carotenoids contents determined by RP-HPLC and distributed according to the root flesh color. Cassava genotypes with yellow roots (Pioneira, Amarela, Catarina and IAC576-70) were clustered along the PC2 + axis. Genotypes with cream roots and lower carotenoid content (Apronta mesa, Oriental, Salézio, Estação and Videira) were grouped in PC1/PC2 −. In its turn, Rosada genotype (flesh red) seems to have a metabolic profile occurring away from all the other samples. The chromatographic profiles of the organosolvent extracts identified cis-and trans-β-carotene, α-carotene, lutein, and β-cryptoxanthin in all the cassava genotypes analyzed. The presence of lycopene, a common precursor of the carotenoids above mentioned, was detected only in Rosada genotype, a fact that led us to speculate this is an important reason for its clear discrimination in respect to other genotypes. The isomer trans of β-carotene was the major compound regardless the sample analyzed.
In a second series of experiments, PCA was applied to the chromatographic data set revealing patterns of similarity of carotenoid composition among the studied genotypes. These findings corroborate the results previously found by UV-Vis scanning spectrophotometry taking into account the fingerprint region of carotenoids (i.e. 400-500 nm). Figure 4 depicts the grouping of genotypes after calculation of the principal components from the RP-HPLC quantification of carotenoids. PC1 and PC2 explain 97.8 % of the total variance of the sample population under study. The genotypes with yellow roots (Pioneira, Amarela, Catarina, and IAC-576-70) were grouped in PC2+, influenced by the higher concentration of cis-β-carotene and lutein. Inversely, the genotypes with cream roots (Apronta mesa, Oriental, Salézio, Estação, and Videira) were grouped in PC1 +/PC2 − due to their lower amounts of these pigments. Samples of red roots (i.e., Rosada) showed higher dissimilarity among the studied genotypes, grouping into PC1/PC2 -. This result seems to be directly influenced by the presence of lycopene and the higher concentrations of trans-β-carotene, α-carotene, and β-cryptoxanthin. Finally, hierarchical cluster analysis was applied to the chromatographic data, affording similar results to UV-Vis scanning spectrophotometry for the fingerprint region of carotenoids. Genotypes with the highest similarity in their carotenoid composition are represented by cluster hierarchical analysis in Fig. 5 . The cophenetic correlation was 97.61 %. The similarities were defined based on the Euclidean distance between two samples using the arithmetic average (UPGMA).
Conclusions
The data set obtained by the analytical techniques employed in this work allowed a better understanding of the chemical variability associated with roots' carotenoid composition of the cassava genotypes. The large disparity in carotenoid contents reveals that there is a chemical variability between genotypes analyzed. The cassava genotypes showed substantial amounts of carotenoids, indicating their potential as source of interesting compounds to human health and nutrition, given the presence of pro-vitamin A carotenoids (β-carotene, e.g.) and lycopene in roots of yellow and red color, respectively. The Rosada genotype was found to be discrepant because The information obtained by coupling the analysis of biochemical markers for provitamin A in cassava genotypes to bioinformatics tools revealed to be relevant for the rational design of biochemically-assisted cassava breeding programs. Indeed, the analytical approach adopted (i.e., UV-Vis/RP-HPLC/chemometrics) allowed to discriminate and classify the claimed genetic variability of the studied samples based on their biochemical traits, helping to identify/select cassava genotypes of interest to human health and nutrition.
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Fig. 5
Similarity of cassava genotypes in respect to their carotenoid composition determined by RP-HPLC, followed by hierarchical clustering analysis (UPGMA method -97.61 % of cophenetic correlation). The genotypes similarity between members of the same cluster is statistically significant (p < 0.05) when the branches in the dendrogram show the same color. [11] .
